ORIGINAL PAGE 19 
OF POOR QUALITY 


N84 27270 
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ABSTRACT 


Studies of radar backscatter from the sea surface are referred either to 
the wind speed, U , or friction velocity, u^. Bragg scattering theory suggests 
that these variations in backscatter are directly related to the height of the 
capillary-gravity waves modulated by the larger waves in tilt and by straining 
of the short wave field. The question then arises as to what chai acterist ic 
of the wind field is most probably correlated with tne wa^e number spectrum 
of the capillary-gravity waves. This study reviews t \ e justification for 
selecting U as the appropriate meteorological parameter to be associated with 
backscatter from L-band to K -band. Both theoretical reasons and experimental 
evidence are used to demonstrate that the dominant parameter is U/C(\) where 
b is the wind speed at a height of about A/2 foi waves having a phase speed 
of CCA) . 


HISTORICAL REVIEW 


The steps that lead to the development of the SEASAT-SASS go back to the 
early theories of radar backscatter from the sea surface and to measurements 
of the high frequency part of the spectrum of wind generated waves in wind 
wave flumes. Programs of the Advanced Applications Experiment Office of NASA 
were initiated in the middle 1960 's to measure the normalized radar backseat - 
tering cross section from aircraft as reported by Moore and Bradley Cl 969) . 
Measurements of the high frequency waves in wind -wave flumes as in Pierson anc 
Stacy (1973) and Mitsuyasu and Honda (1974) were made in attempts to relate 
the water waves to the radar waves by means of various versions of Btagg scat- 
tering theory, as in Rice (1951), and others. There were other contending 
theories of backscatter that depended on the entire wave number spectrum as 
in Chia (1968). The full spectrum is still, in a sense, needed to correct 
Bragg theory and to account for low incidence angles. 

To connect aircraft measurements at 500 m, or lover, wind-wave flume mea- 
suremet ts in flumes several meters high requires knowledge of the variation of 
the time averaged wind with height. Experiments in wind wave flumes usually 
provided the quantities, u^ and z , and aircraft measurements provided a mean 
wind at flight altitude or were m.de near some surface platform to obtain wind 
speed and direction, air temperature, sea temperature and, perhaps, relative 
humidity at some height above the sea surf a. e. 


The available theory for connecting wind wave flume measurements to free 
atmosphere measurements is that of Monin Obukhov 0-954 ), which requires the 
empirical determination of the function, <J>(z/L), vhete L is the stability 
length and of either a relationship between z and or the neutral drag 
coefficient, , defined by 



( 1 ) 


The generally accepted function for <f>(z/L) is presently the Bu singer -Dyer func- 
tion but there are no generally accepted functions for either C^j-(UN^q) or 
z - z (u^) . It is, however, generally agreed that the neutral drag coeffi- 
cient is not a constant. 
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The details- on the development of the SEASAT-SASS can be nd in the 

EREP I nvest Igat ions Summary (NASA SP-399) > Llie special issue in Sc lence 
(Vnl . 204, Tune 1979), the IEEE Journal of Oceanic Engineerin g OE-5, 

April 1980) and two Journal of G eophysical Research spicial issues (Vol. 87 
No . C5 April 1982 and Vol. 88. No. C3 Feb. 198 3) and in the papers c i l ***' 
therein. It will be necessary to search rather diligently to find out which, 
of many, closure relations wa^ us^d either to relate wind-wav** flume data to 
the free atmosphere or to refer the wind to some constant height above the 
sea surface. It will also be difficult tu finJ the rationale for the decision 
to relate backscatter to the mean wind speed and direction at a height of 19.5 
m above the sea surface. 


THE PRESENT SITUATION 

Tne situation becomes even more confusing when one reads Jones, et al. 

(197/) Tones and Scaroeder (1978), Ross and Jones (1978), Liu and Large (1981), 
icf, et al, (1982), Brown (1983) and Pierson (1983). The 1977 reference 
fines a power law (to be defined later) relationship between a°(NRCS > ) and 
wind sp jd for up :nd, downwind and crosswind and gives forms for o° versus x 
for fixed ■ V j and h. Jones and Schroeder (1978) use a z Q versus u^ relation- 
ship given by Cardone (197Q) and find a power law relationship for u*. Ross 
and Tones (1978) measured backscatter, both polarizations, UN.^, u * an< ^ z o 
inferred from aircraft data at 15C m over a fetch from zero to 54 km a nd 
found essentially constant backscatter, wind speed, and values for UN.^ 
equal to 13.0 m/s and 9.0 m/s. The gravity waves increased in height over 
the fetch, but none of the other parameters changed by more than what would 
be expected as a result of mesoscale turbulence. Liu and Large (1981) tried 
to relate JASIN measurements of to o° and found "no significant difference 
between the correlation of a° versus U and a versus u + "(see also Pierson 
(1983)). ^ The group (O'Brien, et al. (1982)) believe that the vector wind 
stress, t, is the primary quantity needed to study wind driven ocean currents 
but do not address either the relationship between the wind and the wind 
stress or the mechanism by which the wind actually generates ocean currents. 
Brown (1^83) writes that "Since the establishment of good parameter izat ions 
between scatterometer signal and surface winds in regions of rapid change and 
strong air-sea interaction are hampered by lack of good wind data, the ratio- 
nalization for wind rather than surface stress algorithms is not so strong. 

As an appropriate consort to the surface reflectivity, we might as well accept 
u A rather than its ersatz companion, the wind. In regions where air -sea tem- 
perature differences are available, there is no difference, as [(1)] accura- 
tely relates U(z) to u*. However, in dynamic regions, such as an intense 
cyclone with resultant large air-see temperature difference, u A can be expected 
to provide better correlations with the scatterometer". Pierson (1983) iden- 
tifies the problem and argues that the wind is the more basic parameter and 
should be the quantity correlated with backscatter. An experiment to help 
clarify the problem is outlined for some future scatterometer such as NROSS. 

STATEMENT OF PROBLEM 

The various paper cited above document a variety of opinions on the relative 
importance of various parameters and measurements of the dependence of radar 
backscatter or seme property of the atmosphere in motion, To do so, it is 
first necessary to state the problem according to our present understanding 
of it . 


76 



The primary quantity of meteorology is the air itself. It has mass, or den- 
sity, and a wide variation in its ability to hold wat^r vapor. 

Air in motion is the wind, so wind is a secondary quantity. The speeds and 
directions of the winds are highly variable quantities near the Earth’s sur- 
face, and even more so at the higher elevations of the atmosphere. For 
synoptic scale meteorological applications, the winds in a time averaged sense 
are not measured very accurately by presently available conventional and re- 
motely sensed meteorological methods (with the possible exception of the SASS) 
as shown by Pierson (1983) and others. 

Air in motion, the wind, is turbulent. For the study of turbulence, a terti 
ary quantity is the downward flux of turbulent momentum toward the sea surface 
in the planetary boundary layer as defined by (2) . 

2 1 1 

u* = t/p = -<u w > (2) 

2 

The quantity, u^, is not routinely measured over the oceans. The quantity 
indicated by (2) is in essence the cospectrum of the fluctuations about some 
mean value of U as in U = U + u averaged over an appropriate time interval 
at some reasonable height above the sea surface and the fluctuations in the 
vertical velocity, which are usually taken to have a zero mean. This lo- 
spectrum is shown by Large and Pond (1981) and high quality data on (2) can 
be found in Large’s Thesis, Large and Pond (1981) and Smith (1980), among others 
Near the sea surface for a height somewhere above the waves up to some higher 
elevation (2) is assumed to be a slowly varying quantity w^h time but more 
or less independent of height. 

There are other ways that the wind affects the sea surface other than the 
downward flux of momentum implied by <u‘ w >. One of the most important is 
the variable dynamic pressures applied to the moving water surface and the 
phase and magnitude of these varying pressures relative to the waves tnat are 
present. Fluxes of heat and water vapor are also involved as eddy quantities, 
each having problems associated with their bulk parameterization. 

Somehow or other, air in turbulent motion over the ocean generates waves. 
These waves are more or less random as a time history at a point, short 
crested, and variable as to their properties as a function of the motion of 
the air over them, distance over which the air has moved and the time duration 
of the velocity of movement. These waves are described ultimately by non- 
linear equations, but present cheories are at best third order approximations. 

Within a linear theory, the spectrum of the waves generated by the moving 
air covers about three orders of magnitude in frequency and five, or so, in 
wave number. For waves shorter than about 5 cm, surface tension becomes 
important. Since the radar wavelength of the SASS on SEASAT is 2 cm, capil- 
lary waves near 2 cm in lengti are important in backscattering theories. 
Capillary waves have rounded i rests and sharper troughs that point down into 
the water. According to Crapper (1957) the limiting form of pure periodic 
capillary waves produces waves with a very strange profile that can be as 
high as they are long. 

The SEASAT-SASS estimated the power of the electromagnetic radiation back- 
scattered from the sea surface. Actually the received power plus the noise 
in the system was estimated and then an estimate of the noise was subtracted. 
For low signal (^ 10*^5 to HP**’ watts) to noise ratios (- 10 to -15 db) , it 
was quite possible to obtain a negative estimate of the received power, which, 
unfortunately, was Ignored in further data processing. 

Pierson and Stacy (1973) showed that capillary waves are not generated in a 
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wind-wave flume for winds corresponding to friction velocities up to about 12 
cm/sec, which yields a wind of about 4 in/s at 19, 5 m. Liu and Lin (1982) 
have used laser methods to estimate the frequency spectrum of capillary waves. 
Their results differ from earlier studies, but still suggest that the spectrum 
increases more rapidly at higher frequencies than at lower frequencies in the 
capillary range. Since wavenumbers and not frequencies are the appropriate 
quantities in Dackscatter theories capillary waves advected forward and backward 
by the 1 laiger gravity waves may have their frequencies Doppler shifted so that 
the frequency spectrum cannot be simply transformed to the wavenumber spectrum. 

Thu SEASAT-SASS (and by extention any other scatterometer) measures the 
roughness of the sea surface, including, perhaps, flying spray, and the sharp 
corners at the crests of gravity waves, and the Bragg scattering from a surface 
tilted by gravity waves and related to the capillary vector wave number spec- 
trum, 2 A scatterometer measures neither the wind nor u*, or by extention, 
t = pu^,. The connection between the sea surface roughened by the moving air 
and the estimates of the normalized radar backscattering cross section mea- 
sured by a scatterometer is thus ouilt on a chain of theoretical and experi- 
mental results that depend on the true nature of the moving air in the plane- 
tary boundary layer and on how waves are generated. Neither the effective 
neutral wind at 19,5 m above the mean sea surface nor may prove to be most 
directly related to backscatter measurements. 

THE SASS-1 MODEL FUNCTION 


The design of the experiments to determine the relationship between back- 
scatter and moving air began several years before the launch of SEASAT. The 
worst case design was predicated on being able to determine a wind of 4 m/s 
within plus or minus 2 m/s based on the aircraft data of Jones, et al. (1977) 
and on Pierson and Stacy (1973), There were several dozens of published 
relationships for C DN ■ C DN^ U 10^ > or variants thereof relating z Q and u*. It 
was impossible to pick one and prohibitively expensive to measure over a 
wide enough range of wind speeds during the anticipated lifetime of SEASAT. 





* 


The choice of the effective neutral wind at 19.5 m was based on two consid- 
erations. They were that anemometers on transient ships are at heights 
considerably in excess of 10 meters and that winds corrected to this height 
by means of Monin-Obukhov theory were relatively insensitive to which cho* e, of 
many, was made for equation (1) even after correction for stability effects. 

Cot.iider, the simplified situation for which the drag coefficient is con- 
stant and might equal 10”-', or perhaps 2 •10"^ or perhaps 3*10"^. The mean 
wind at 40 m can be referred to the wind at 19.5 m for neutral stability by 

U(40) (1 f 1.63 cj*) 

UC19.5) i— - ■ 

(1 + 3.38 CgJ) 

and the wind at 5 m can be referred to 19.5 m by 

U(5)(l + 1.63 c2}) 

U<19.5) c— 

(1 - 1.69 CjjJ) 

The wind stress computed for a mean wind at 40 m is given by 
T “ p C DN ®40 ^ + 3,38 C DN^ 


(3) 

(4) 

(5) 


78 


and f or 5 m bv 


ORfGJV/U. P f j 
OF POOR O' 


T " p C DN U 5 


( 1 - 1.69 C ^)' 2 


( 6 ) 


Kor tho wind at 10 m, the stress varies by a factor of 3 and varies 

by 73% under these assumptions f With these equations, and their obvious ex- 
tenLions, the wind measured at any height can be referred to 19.5 m. A wind 
for neutral stratification of 15 m/s at 40 m yields winds of 14.09, 13,77 and 
13.52 m/s, for example, which for a factor of 3 in C ^ produces a 56 cm/sec 
change in the wind at 19.5 m. Similarly a wind of 1 m/s at 5 m produces winds 
of 16.65, 17.4 and 18.00 m/s at 19.5 m for a 1.35 m/i» change. Corrections for 
stability have roughly the same effect for a considerable variation in CdN- 
The choices avoided a decision as to which of many drag coefficients should be 
used. However, it did not avoid the basic question of how the roughened sea 
surface is related to the turbulent moving air over the ocean. 


When these decisions were made, the inherent difficulties of measuring the 
winds correctly by conventional meteorological means were not clearly in focus. 
The evolution of the understanding of the problem can be traced through the 
papers and special issues that have been cited above. 

The SASS-1 model function is an attempt to relate the effective neutral 
wind speed at 19.5 m, which is (or was) the anemometer height on the British 
weather ships I and J, and wind direction, to backscatter, either vertically or 
hor izontally polarized, by means of a relationship of the form 


o 


o 


0° (|vj, X, 6) 


(7) 


where |v[ is the magnitude of the wind vector, x» is the wind direction rela- 
tive to the pointing direction of the radar beam and 0 is the incidence angle. 
The model for the model function was simplified to the form 

o° = K(x, e) v* 1 ^’ 0) (8) 

or to 

o° b * 10 log 10 o° - 1 o|g( X , 9) + H(x,6) log^vj (9) 

, hence the G-H tables of Schroeder, et al. (1983), and the concept, continued 
from earlier references, of a power law relation between wind and backscatter, 
which may or may not be correct. The objective Is to find the vector wind, 
i.e. given pa^rs of backscatter measurements 90° apart for two 

slightly different 0*s, and one really needs to find a beat fit to 

1 V | «* V( x , 0, o°) (10) 


if the data have random errors. The problem becomes trivial if (8) pr (9) is 
used but non-trivial if a simple inverse of (7) to yield (10) is not available. 
The graph of o° in db versus lcg^^V is a straight line for any 0 and x* 

If the SASS-1 model function is correct, if a correct way to recover the 
wind given the backscatter measurement^ is used and if the function giving 
as a function of 0(10) Is known, then t can be found (plus ambiguities or 
aliases) . If C DN is a constant for all winds speeds, equation (9) becomes 
trivial since it becomes (11) from (l) with a minor correction for the diffid- 
ence between 19.5 and 10 m 
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= 10(G(x,0) - log 1n (C nM ) + H(x,0) log 10 uj 


2 *"' 6 10 DN 

and a power law still results. 

However, it tor the higner wind speeds 

C d;; = ct + £0(10) 

as in both S. t it. h (1980) and Large and Pond (1981), then 
u“ = (a + £U(10))(UaO)) 2 . 


(ID 


( 12 ) 


(13) 


The value of is then a rather complex function of U (1 ,5) and clearly a 
power law relation between u* and o° will not apply. 

Conversely if the correcc relation between backscatter and was a power 
law as in 


/ w 2 -(x, 0)/2 


(14) 


t hen 


10 lt>8 10 ° = 10 ^ ldg in u (x,0) + b(x,9) !og ln u* + 8(x, e)log in 0(10)) 


’10 


10 * 


’10 


10(log 10 a(x,0) + MAii ) (log 10 (a + BU(10) ) (0(10) )‘) (15) 


which is not a straight line on a o db versus log U(10) plot- 


Inevitably, then, it is necessary to return to the fundamental questions of 
the way moving turbulent air roughens the sea surface. These are questions of 
how the wind varies with height very close to the sea surface, of the relation 
between U (z) , u^, and other parameters and of the basic physical effects 
involved. The problem is in one sense trivial, given an accepted equation for 
C D ^(U lr) ) and that SASS-1, or something very similar, is correct. In another 
sensed" it is extremely complex, given that some of the theories and assumptions 
that have been used may be incorrect and that the study of the generation of 
waves by the wind, especially capillary waves, is a difficult subject. 


THE ROUGHNESS OE SHORT WAVES 







Given that scatterometers respond to the roughness of waves with wave- 
lengths in the neighborhood of the Incident Bragg wavelengths, the fundamea 
question posed in the title to this paper sepcj.ates neatly into two parts: 

(a) the relationship between scattering cross-section and the vector wave 
number spectrum of the Bragg scatter ers; and 

(b) the parameterization of the spectrum of the Bragg scatterers in terms 
of characteristics of the wind and of the entire wave spectrum. The tradi- 
tional approach has been to lump the two parts Into a single "model function" 
relating the measured backscatter to either wind speed or friction velocity. 
There are so many sources of error in this approach and so few comprehensive 
sets of surface comparative data that no consensus has emerged regarding the 
source of backscatter variations. In this section we employ some field 
observations of frequency spectra of ahort waves to attempt to throw some light 
on the second of the points listed above. 
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A complete answer to part (b) , above, requires <L tailed knowledge of the wave 
number spectrum of the Bragg scatterers and its dependence on external forcing, 
dissipation and modulation by longer wave components. This is a great deal 
more than the experimental data will support, and we must content our^e)*'es 
hero with a look at the integra of the si eel ruin or the vari n:c for p:» cicular 
bands of **<Mnponent s . Thus, we would like to explore the dependence of the 
spectral density of the gravity -capillary o r , at least the very short gravity 
waves f on appropriate indicators of external forcing. 

However, the Doppler shift of observed frequencies of short waves due to 
longer wav^s an* currents limits the range of short waves for which the 
observed frequency spectrum yields any useful information about the desired 
wave number spectrum. For waves at the gravity-capillary range of direct 
interest, the orbital velocities of the long waves are gener- 
ally sufficient to reverse t..eir propagation direction, thereby making it 
difficult to deduce the wave-number spectrum freu the observed frequency 
spectrum. On the other hand, longer waves near the peak of the spectrum can- 
not be expected to behave in an analogous way to the very short Bragg scat- 
terers, their spectral density being affected by advection and by non-linear 
effects. 


The spectral density of wave components on the rear face of the spectrum, 
sufficiently far from the peak, is a consequence of a balance between wind 
in^at and dissipation. The energy flux from the wind to the wave components 
is brought about by both normal (pressure) and tangential (shear) stresses. 
However, both calculations (Brooke Ben j am in , (1959) and Miles, 1962)) and 
experiment (Kendall (1970)) indicate that normal stresses dominate the energy 
flux. In a recent numerical study, Al-Zanaidi and Hui (1984), using a two- 
equation closure model for the boundary layer turbulence, have shown that the 
energy input from the wind, ^E/Dt, is related to the wind speed and the wive 
phase speed, C by: 


VE 




u. 


we — e(-- - 1 y 

P w C 


(16) 


where b is a parameter, weakly dependent on the aerodynamic condition of the 
surface - smooth, transitional or rough, ti> in the radian frequency of the 
wave component receiving wind input and, X is its wavelength and U x is a 
reference height tor the calculation. 


The expression (16), supported by laboratory measurements in the wind-wave 
tank at the Canada Centre for Inland Waters, has the character of wind input 
induced by form drag. Inasmuch as the sea surface is aerodyr aically 
smooth only at the lowest wind speeds, much of the momentum and energy flux 
from the wind must necessarily involve correlations between surface slope and 
pressure brought about by the flow near the surface in relation to the wave- 
lengths of the surface roughness; i.e. the wave components inducing and 
uD&orbing the energy flux. Thus, the appropriate wind speed is the speed at 
a height corresponding to the wavelength (16) or a fraction thereof. Some 
further ideas of the nature of marine surface drag are given by Stewart (1974) 

In an actively wind forced sea the gravity waves suffer dissipation largely 
through intermittent breaking. Breaking occurs when the local vertical 
acceleration at the cresv exceeds g/2. Since the height of waves of a parti- 
cular wavelength varies irratlcally in space and tin breaking is highly 
intermittent. However, the frequency of breaking events will Nearly increase 
as the energy level in the spectrum Increases. Thu# the .aal rate of 
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dissipation ^er radian of vaves at a particular frequency will depend on the 
spectral energy density $(w) and the gravitational acceleration, g. 


1 3E a 
uE dt 

when; 6 in a din 
exper unent . 


5 . i v n 

a(.“-|<s2.) (17) 

* 

ionl'ss constant .>nd n, an exponent to be determined by 


Of course the choice of a pow^r law for the functional form of (17) is pure* 
ly a matter of convenience. By suitable choice of n, the dissipation rate 
can be made more or less sensitive to spectral density. 


On the plausible assumption that the short gravity waves strike a balance 
between direct wind input and dissipation through trailing, (16) and (17) may 
be equated to yield: 


. , -5 2,Uu) ,.2/n 

■J>(oi) -Yu g (— - 1) 

where the dispersion relation for small amplitude 
to replace C. 


(18) 

gravity waves has been used 


For many years the rear face of the spectrum was thought to follow an u 
power law corresponding to the "hard a; ' ration" of Phillips (1958) theory. 

In (18) this frequency dependence implies n • •. K?w it appears (Forristcl’ , 
(1981), Kahma, (1981), Donelan, et al. (1983), Kltalgorodskll, (1983)) that u. 
provides a better description of the energy containing (and not severely 
Doppler shifted) waves on the rear face of the spectrum. This corresponds to 
n • 2 or relate ’ely "soft saturation", l.e. the rate of dissipation Is not 
extremely sharply dependent on the spectral density. 


After correcting for Doppldr shift distortions to the observnd spectrum; the 
normalized spectral density +(<■>) iwVg*' may be compared with th*. various 
candidates taken to be representative of wind forcing. These ere: (a) the 
neutral equivalent wind speed at ship anemometer height U.^ -, generally 
favoured by meteorologists and (b) the friction velocity the hope of most 
oceanographers, and (c),((Uw/g) -1) which is suggested by the rough analysis 
above. 


DATA 



•c3 

J 

* 



The data set conslts of 52 observations on Laks Ontario each 20 minutes long 
in which the wsves were sensed by a capacitance wire and sampled at 20 Hz and 
the wind speed and turbulent components were sensed by a Gill anemometer 
bivane and sampled at 5 Hz. The average drag coefficient was estimated from 
the direct Reynolds flux using stresses averaged over 1 hour, or longer, if 
conditions were steady. The friction velocity was then computed from the 
20 minute average wind speed using (1). The observed frequency of a ■ 17.3 
sec was selected because these wsves were sufficiently far from the peak 
to allow the balance of wind input and die . <. pat ion and yet long enough 
(1 ■ 20.7 cm) so that the Doppler distortion was tolerable, lack soectral 
estimate had 1916 degrees of freedom and the frequency of 17.3 see** was the 
energy weighted centroid of the band analysed, based on an m~* spec true. 

Each spectral estimate wee corrected for the effect of the Doppler shift 
of the longer waves using an e”* spectral slope and orbital velocities with 
a Gaussian distribution of otendarl deviation o »e « i where w* Is the peak 
frequency and o* Is the variance o J the surf ace V elevat Son. dm w~* epectna 
with sharp cut-8ff at e p yields o^9Te p o f| . H owev er , these generally short- 

82 


'TT'Tr*- 


or nr "v 





”■ 5 tv» 

-5-2 


"1 I 



fetched spectra have most of the energy concentrated near the peak (Donelan, et 
al. (1983)); furthermore the attenuation of the velocities due to shorter 
waves and the increased spreading of wave energy of the shorter waves all 
tend to reduce the contribution of the waves above the peak to the root-mean- 
square Doppler shifting orbital velocities. 

Observations of the bulk Richardson number were used to compute the Monin- 
Obukhov stability index ^Donelan, et al. (1974)) and thus to compute the 
neutral equivalent wind speed at any height in the manner described by Large 
and Pond (1981) . 


RESULTS AND DISCUSSION 

The Doppler shift corrected and normalized spectral estimates are compared 
with U(19.5), u* and ((U(X/2)o)/g)-l) in Figures 1, 2 and 3 respectively. In 
each case ther : is some correlation of the spectral estimates with the wind 
forcing parameter. 

Tf- • points of Figs. 1 and 2 are clearly stratified with respect to the para- 
meter, U/Cp. Especially in Fig. 2, the spectral estimates corresponding to 
high U/Cp values are well IjIow the other estimates. The explanation for this 
is probably that the friction velocity (or stress) receives contributions from 
'.ne roughness due to the entire wave spectrum, while the spectral estimate 
reflects only the wind input to that part of the spectrum. For low values of 
U/C , most of the stress is carried by short waves (see- for example, 
Kitiigorodskii and Volkov (1965) and Donelan (1982)) and therefore the spectral 
estimates on the rear face of the spectrum reflect the stress. On the other 
hand when U/C p is large (small nondlmenslonal fetch) a greater portion of the 
flux of momentum to the waves is absorbed directly by the waves near the peak 
of the spectrum. Under these conditions, the spectral levels on the rear face 
are poor indicators of the total stress. The equivalent neutral wind at an 
anemometer height, (say 19.5 m) is obtained from the usual logarithmic profile 
equation, U 2 *(u* in (z/z Q ) )/•<:, where both u* and z Q are affected by the entire 
wave spectrum. The above comments regarding u A consequently apply also to 
U(19.5) . 

When the spectral estimates are plotted in the context of (18) as in Fig. 3, 
the stratification U/Cp dissapears although some scatter remains. Much of the 
scatter is probably due to inexact correction for Doppler shift and other more 
complex aspects of the modulation of short waves by long waves (Irvine (1983)). 
Nontheless, the considerable improvement of the correlation in Fig. 3 over Figs. 
1 and 2 suggests that, of the three choices explored, that given by (18) follows 
the data best. The least square regression line shown has been forced through 
the origin and has a slope of 4.66 * 10"3, which is therefore the empirical 
value of y in (18). A reasonable fit to the straight line in Fig. 3 implies 
n * 2 in (18). The choice of U at X/2 is arbitrary and relatively insensitive 
to height within a wavelength, or so of the surface. 

It might be argued that since the spectral estimates are related to u A , 
except for high U/C p , u* may be inferred from backscatter at these wavelengths 
over most of the ocean much of the time where U/Cp is generally less than 2.0. 
Clearly this is unacceptable since during major storms the stress will be 
surely underestimated. Opposing swells complicate the situation even more. 

The waves analysed here are an order of magnitude longer than those of the 
SASS. The response of 2 cm waves to some wind parameter is the question. 

Clearly these short waves are affected by other factors. However, the comments 
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FIG 3 Normalized Spectral Density Versus ((iWg)-l). (In these three figures, 
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to the phase speed of the spectral peak.) 


made above for longer wav^s might be expected to apply. Even though the 
spectral form may change, the relevant v;ind parameter will still be ((U/C(A))-1) 
and not u*. 


CONCLUDING REMARKS 

This complex problem has many facets, but we note that the wind profile 
near the surface is nearly neutral so that U at some height is not too il- 
logical a starting point for improved models. Ultimately, though, it is to 
be expected that U(z), u* and z Q will be related to the wave spectrum with 
perhaps a time lag and perhaps a dependence on high opposing swells and cross 
seas. Capillary waves for k u band will also be affected by surface tension 
and viscosity as well as possible breaking. That some sort of quasi-equilib- 
rium exists over most of the ocean most of the time is demonstrated by the 
wind data from the SASS, but the reservations stated herein and the first 
sentence of the quotation from Brown (1983) must be kept in mind. There is, 
however, little hope that the tangential stress, u + , will be more directly 
related to the waves than the normal stress (i.e. turbulent pressure 
variations) . Direct measurements at sea of the vector wave number 
spectr um for waves from 20 to 1 cm in length will be needed to clari 
fy these problems as well as more accurate data on the air sea temp- 
erature difference. 
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